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1 Abstract 
This study explored the susceptibility of HSLA A710 steel 
to postweld heat treatment cracking and methods to mitigate 
its effects. Postweld heat tre·atment (PWHT) cracking may be 
defined as intergranular heat-affected zone {HAZ) cracking 
wh.ich occurs during the exposure of welded assemblies· to the 
elevated temperatures produced by post-weld heat treatments or 
high-temperature service. HSLA copper-_bearing, precipitation-
aged ASTM A710 steels are of increasing interest in navy ship 
building and structural applications, but apparently have the 
limitation that PWHT cracking has been observed in this class 
of steels due to their composition and microstructure. 
The Lehigh R~straint test and Stress-Rupture Implant 
test, developed to study- PWHT c·racking, were applied ·to study 
the Kinetics of the A710 stress-relief cracking phenomena. 
The crack morphology was studied by optical and scanning 
election microscopy. 
A710 steel wa~ found to be highly susceptible to stress-
rel~ef cracking. Cracking in A710 steel was found to occur by 
classical low-ductility intergranular fracture. Cracking 
occurs predominantly in the coarse grained heat affected zone, 
although crack initiation was observed .in both the coarse 
grained and fine grained zone. Under conditions of high 
restraint, it was not possible to stress-relieve A710 without 
cracking. 
Several welding heat inputs, which change the size and 
nature of the heat affected zone, were examined. It was found 
that the heat input did not change the stress.;..relief 
sensitivity. Controlled deposition of weld passes was studied 
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a.n.d it was found that alteration of the coarse grain region of 
the HAZ by the heat treating effect of multiple passes can 
improve stress-relief cracking resistance. 
The rate controlling process in the stress-relief 
embrittlement of A710 was also studied in an ef·fort to 
identify potential cracking causes. Cdpper and sulfur are 
suspected to be the deleterious elements responsible for the 
reheat cracking iri A710 steels. 
2 
2 Introduction 
2.1 PWHT Cracking 
Postweld heat treatment (PWHT) crac~ing, also re~erred to 
~ . 
as reheat cracking, is defined as cracking that occurs in the 
heat affected zone (HAZ) during the exposure of welded 
assemblies to post weld heat treatment or high temperature 
• service. This type of cracking has been found to be 
predominantly located in the coarse grained HAZ and • is 
intergranular in nature. 
Meitzner (Ref·. 1), in a comprehensive review of stress~ 
relief cracking (SRC) in w~ldmetjts, stated that SRC was 
associated with: 1) Precipitation~hardening materials only 
2) Intergranular failure with ljttle or no evidence of 
deformation 3) The c9arse grained region of weld HAZ. SRC 
cracking has been observed in those low~alloy structural 
steel, ferritic creep-r~sisting steels, austenitic stainless 
steels, and nickel-base al lays that undergo precipitation 
hardening. 
Al though the exact mechal')isrn has not been definitely 
established . in all cases, the basic characteristics of 
cracking are quite similar for all of these materials. The 
crack.s occur solely as a result of residual stress when sound 
weldments are heated to elevated temperatures after welding. 
Therefore, cracks are most often found in thicker sections 
which have high levels of ~elf-restraint but they may even 
occur in sheet details if the restraint from fabrication are 
high enough. The HAZ cracks are intergranular in nature, 
typical of high-temperature stress-rupture failures. The 
failed specimens exhibit low ductility, showing little or no 
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evidence of deformation. Cracking is directly related to 
prior exposure to very high temperatures since the cracks are 
usually con.fined to the coarse-grain region of the heat 
affected zone. 
2.2 PWHT Cracking Susceptibility Tests for HSLA Steel 
Tw·o general types of t~sts have been utilized to evaluate 
PWHT cracking sµsceptibility for low-alloy steels. 
1) Direct weldabili ty tests, such as the L.ehigh Restraint 
test (Refs. 2,3) and Y-groove and c~ring tests (Ref. 4), in 
which tl)e weld/HAZ thermal cycles and resultant structures are 
produced by the actual welding operation. The specimens are 
then subjected to a postweld str~ss-relief treatment or 
external loading at stress-relief temperature. 
The direct welding tests are desirable from the 
standpoint that they utilize actual welding conditions, and 
thus the thermal history and residual stress-strain patterns 
in the joint more closely typify real conditions. Al~o, such 
tests have the advantage of testing the ~ntire composite joint 
(weld, HAZ, and base metal). However, reproduc·ibility may be 
difficult unless test variabl~s such as stress, welding 
conditions, and the geometry of crack-initiating nbtches can 
.be accurately controlled. The actual stress and strain 
conditions are usually not kno~n unless rupture or relaxation 
tests are performed on specimens machined from the welded 
joint. 
2) Indirect weldabil i ty tests, such as Gleeble HAZ simulation 
(Refs. 2-6) in which the HAZ microstructure is cr~ated by 
subjecting base metal to a simulated HAZ thermal cycle. 
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During the heat treatment, mechanical load is used to test HAZ 
material PWHT cracking susceptibility. 
SRC/HAZ simulation tests have been utilized in at least 
three forms: 1) Slow strain-rate tensile tests of unnotched 
HAZ simulation specimen~ at the stress-relief temperature 
(Refs. 2, 3, 5) . 2) Stress-relaxation tests of HAZ simulation 
not6hed specimens at the stress-relief temperature {Ref. 2) 
3) Stress rupture tests of unnotched HAZ simulation specimens 
at the stress-relief temperature (Refs. 2,6) 
The strain-to-fai1ure (Et or% RA) is used as a measure 
of SRC susceptibility· for HAZ simulation tests. Meitzner and 
Pense (Ref. 2) have shown that .low-tensile ductility at 593°c 
(.1100°F) and. short rupture life in notched stress-relaxation 
tests correlate wel 1 with stress-relief cracking in weld 
restraint tests. 
Recently, Balaguer, et al (Ref. 7) ' tested. SRC 
sensitivity by using a load-on-cooling stre$s-rupture test 
which_ was modified to include some degree of the mechanical 
constraint normally present ih a weld HAZ. The stress relief 
cracking susceptibility of a low-carbon HSLA steel was greater 
than th.at of a higher-carbon, quench-and-tempered, high-yield-
strength steel. 
Simulated test specimens may be easier and less costly to 
make than direct we~d tests. With the simulated specimen, 
specific HAZ thermal. cycl·es can be accurately reproduced, .but 
the HAZ strains associated with contraction ·stresses are 
usually not duplicated. A general disadvantage of simulated 
specimens is that they test only one specific zone of the HAZ 
instead of ·the composite joint, but this is not a serious. 
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disadvantage in the case of .stress-relief cracking that 09curs 
solely in the coarse-grained HAZ. In terms of providing 
quantitative data for rating the ·relative susceptibilities of 
materials to cracking·, the basic advantage of simulated 
specimens is that the stress and stress-concentration effects 
are known and readily controlled and also that failure 
ductilities of the microstructures of interest are readily 
determined. 
2.3 Welding Conditions 
Welding conditions, can influence the susceptibility to 
stress-relief cracking. 
1) Electrode Strength 
In some cases, the use 0£ a lower strength weld metal can 
result in less cracking because some of the creep that relaxes 
stress can occur within the weld itself~ Cortversely, when the 
weld metal is stronger at high temperature than the base 
pi ate, more .creep _is forced to occur in the heat-affected zone 
of the base plate and cra6king will occ~r if the ductility of 
this region is not adequate. The approach of using lower 
strength w~ld metal is a limited solution to the problem of 
stress-reli~f cracking since it is difficult to produce weld 
metals with low strength. 
2) Preheat 
The use of preheat is genera1·1y beneficial in mitigation 
of stress..;.relief cracking, and for certain steels higher-than-
normal preheats prevent cracking. 
3 )· Heat input 
Several investigations (Refs .. 8-10) have provided evidence 
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that higher heat inputs reduce the extent of stress-relief 
cracking. 
For example, using a restrained butt-weld test on Ni-Cr-
MO-V steel, Ito and Nakanishi (Ref. 10) found that increasing 
the heat input resulted in a marked reduction in cracking, 
which they attributed to a change in the heat-affected zone 
structure from martensite and ·1ower bainite to upper bainite. 
The benefits of higher heat input may b·e attributed to 
several effects. First, it may reduce the overall level of 
residual stresses in the welded structute. Second, higher 
heat. input reduces the postweld cooling rate, r.esulting in 
~icrostructures less prone to cracking. 
However, changes in cooling rate not only causes changes 
from martensite to bainite, for example, but also affect the 
nature and dispersion of the fine intr~granular precipitates, 
and. the precipitate distribution and morphology are much mo.re 
significant than the optically visible microstructure. 
Since changes in structure, precipitation, and grain size 
occur simultaneously, it . lS difficult to assess their 
individual influences. 
2. 4 The Mechanisms of Stress Relief cracking in Low Alloy 
Steels 
2.4.1 Precipitation Strengthening 
In low alloy steel, the mechanism of SRC is commonly 
thought to be related to the interg~anular precipitation of 
alloy carbides (such as V4.C3 or Mo2c in Cr-Mo-V steels.) upon 
high-temperature exposure after welding. During welding, the 
heat-affected zone is exposed to high temperat~res ranging up 
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to the me1 ting point o"f the alloy. At these temperatures 
alloy carbides are taken into solution and grain coarsening 
occurs. During cooling, carbides such as Fe3c precipitate 
from solution both intragranularly and in the form of ·grain-
bounda~y particles, but the alloying elements carbides are 
largely retained in solution. This condition is not in itself 
detrimental to ductility. Subsequent exposure at temperatures 
from 316 to 671 °c (6"00 to 1250°F) causes an intragranular 
precipitation of the alloy carbides, e.g., v4c3 or Mo2c, that 
~ffecti vely strengtpen the grain interiors. Thus, creep 
deformation associated with stress relief is concentrated at 
the grain boundaries. As a result of grain growth in the HAZ 
near-the fusion line, the grain boundary ar~a is reduced, and 
creep deformation is concentrated over a relatively small 
area. Deformation is concentrated at the grain boundaries 
until wedge-type (triple-point or cavitation-type cracks are 
initiated (Ref .1). In the presence of residual or applied 
stresses, these creep-initiated cracks propagate tintil failure 
occurs. Dix and Savage (Ref. 11) have proposed a similar 
mechanism for strain-age cracking in nickel~base superalloys. 
2.4.2 Impurity Effects 
a) The Effect of Sulphur 
Experimental observations (Ref. 12) suggest that high-
temperature brittle intergranular fracture requires the local 
segregation of solute atoms to a c;rack tip under stress·. 
Sulphur has been identified as an active solute in this 
.respect, and its vttal role is supported by the suppression of 
fracture after relatively low-temperature austenitization or --~ 
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step quenching, both of which attenuate the concentration of 
free sulphur in solution. Sulphur is well known as an 
embrittling agent in iron, and when present at enriched levels 
at a crack tip, it is thought to cause sufficient local 
weakening of the grain boundary f6r crack propagation to occur 
under the prevailing conditions of stress intensity and 
temperature. Two ~odels have been proposed to describe this 
·behavior. 
Model A 
In this model, (Ref. 13) solute c;ttoms are driven to the 
crack-tip vicinity by elastic interaction with the crack-tip 
stress field. When sufficient concentration is reached, local 
embrittlement occurs and the crack jumps forward by brittle 
fracture into a fresh region of unsegregated grain boundary, 
i.e. 'stepwise' growth takes place. A theoretical analysis 
adopting the 'pure-arift' approximation predicts that solute 
atoms will flow to a region eith~r immediately in front of, or 
immediately behind the crack tip. 
Model B (Ref. 14) 
In this model, the crack is treated as one end of a sharp 
lenticular cavity flowing by the transport of material from 
the crack ~urtaces (by surface diffusion) to the plastically 
deforming region of grain boundary at the cavity ti_p, where it 
accumulates. Grain-boundary sulphides, precipitated during 
the quench from high austeni tiz ing temperatures, are 
considered to dissolve after exposure on the free crack 
surfaces, and the elemental sulphur thus produced diffuses 
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into the cavity tip with other surface atoms. The supply of 
embrittling solute enables brittle fracture to take place at 
a st~ady rate, governed by a complex interaction ·between 
surface diffusion, grain~boundary diffusion, and creep rates~ 
As: yet, this model is purely qualitat;ive. 
b) The Effect of Phosphorus and Boron 
Phosphorus is a well known e~brittl1ng element in steels 
"at low temperature and has been report.ed to promote SRC in a 
Cr-Mo steel. Conversely, it has been found in severa1 studies 
to improve creep and high-temperature tensile ductility in 
steel which have been cooled rapidly from high austenitizing 
temperatures. 
Edwards (Ref. 15) suggested that diffusion of segregated 
embrittling elements like Phosphorus could occur along grain 
boundaries toward the tip of a growing crack under the 
influence of the stress-field of the crack. 
Druce, Gage and Jordan (Ref. 14) have maintained that, in 
Mn-Mo-Ni pressure-vessel steels (A508), segregation of P to 
prior a.usteni te grain b.oundaries was the primary cause of 
grain~boundary embrittlement upon aging. 
c) The effect of Boron 
Boron has -been found to be deleterious in several 
studies. Middleton (Ref. 16) has s~ggested that fine boron-
rich precipitates can -act as nucleating ageDts for 
.intergranualr sulphides in steels, and·this· could account for 
its· effect in SRC. Middleton and Silcocl, using transmission 
electron microgr·aphy, have recently obtained evidence for this 
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nucleating effect. 
Recently, Sun et al (Ref. 1 7) , showed that S acts 
together with other trace impuritie~, .including B, to cause 
intergranular embrittlement of low-alloy steels but the 
addition qf P to S-containing ~tee! can actually reduce SRC 
susceptibility. t 
d) The Eff~ct of· Copper 
Ito, et al. ·(Ref. 10), noted increased cracking as copper 
was increased to about 1%, and Harris and Jones (Ref. 18) 
related higher-than-usual Cu+Sn "trace" levels to 
significantly higher cracking in steel.s representing a variety 
of deoxidation practices. In the study of trace elements on 
SRC, Drinnan and Harris (Ref. 19) found that the combined 
... 
effect of an increase in the total content of the trace 
elements (P+Cu+Sn+Sp+As) and increased . grain . size was 
reflected in a marked increase in cracking. 
Thus, there is considerable evidence that copper and 
other elements generally considered to be.at the trace element 
level can have an adverse effect on resistance to stress-
relief cracking. rhe generally proposed explanation for these 
effects is that by segregating . at prior austenite grain 
boundaries these elements affect the cohesive prqperties of 
the boundary interfaces. 
2~5 Prediction of Cracking 
A number of experiments have been done in an attempt to 
quantify the relationship of composition to cracking (Ref. 
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10,20). 
Two predictive formu1ae derived from these studies are as 
follows: 
AG=Cr+3.3Mo+8.1V-2 (Ref. 10) 
PsR=cr+cu+2Mo+lOV+7Cb+5Ti-2 (Ref. 20) 
AG and PsR are crack susceptibj.lity parameters in the 
above equations. The alloy elements are expressed as weight 
percent. When the value o.f the parameters AG and. PsR are equal 
to or .greater than zero, the steel may be susceptible to 
reheat cracking. 
In typical stress-relief procedures, however, the 
temperature, stress and specimen c·ondition also are variable. 
One should be Gareful, therefore, in using these equation in 
practice. They should be used only as a general guide to the 
tendencies of Variotis materials to stress-relief cracking~ 
2.6 Description of the Test Steels 
Low-carbon, copper precipitation-aged plate steels wer.e 
introduc.ed in the late 1960 's by the International NiGkel 
Company, and the current ASTM specification (A710) for 
structural applications was developed over 10 years ago. A710 
steels can be produced in three different classes: Class 1, 
as-rolled, class 2, normalized, and class 3, quenched and 
aged. All three classes are austenitized at 9oo0c and 
precipitation hardened at 540 to 665°c for 30 to 60 minutes. 
They exhibit a wide range of tensile strength (450~650 MNm- 2) 
as well as good impact toughness at low temperatures 
(Ref.22). In the present study, only class 3 (grade A) steels 
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were examined. 
From the continuous cooling transformation di.agr~m for 
A710 steels, it can be seen that a range of microstructural 
· cons ti tue·nts can be farmed in this low carbon steel, but in 
practice, proeutectoid ferrite is the primary microstructural 
component. Very small amounts of acicular ferrite, pearlite 
and martensite ;,;night also be formed. The carbon content of 
A710 steel is typically restricted to below 0.07% so that high 
toughness levels can be developed, and cold cracking problems 
can be essentially eliminated even if the welding consumables 
can generate a hydrogen potential. The copper present in the 
steel, 1.0/1,3%, is the primary strengthener since copper can 
be precipitated from the supersaturated ferrite as a fine 
~psilbn~cu phase. 
2.7 Why Study PWHT Cracking of A710 Steel? 
Recently, A710 HSLA steel has gained great(ar usage 
because of its excellent weidability and good toughness. As 
f~r as weldability characteristics are.concerned, the steel is 
generally resistance to hydrogen~assisted cracktng in the HAZ 
due to its low-carbon content if qualified low-hydrogen 
procedures are employed. A ·similar composition steel . 1S 
currently used in naval vessels. But A710 steel, while not 
normally subjected to PWHT, has been shown to be susceptible 
to SRC. The initial study at Lehigh University (Ref. 23) and 
at the. Unive~sity of Tennessee (Ref. 24) showed that this 
steel is susceptible to the PWHT cracking. But, the exact 
phenomena has not been clearly docu~ented. In many 
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applications, PWHT would not be applied to this steel, and 
thus cracking would not occur. In some naval and structural 
applications, however, PWHT may b·e applied, and in these 
cases, cracking could be a major deterrent to its application. 
The purpose of this research was to further exa~ine the 
stress-relief cracking s·uscep.tibility of age-hardening A710 
steel when used in these latter applications. The Lehigh 
Restraint test was used to measure cracking susceptibility by 
·simulating ieal welding conditions. -A new method was also 
introduced to study cracking phenomena by using a modified 
implant rupture test. 
The present- investigation i~ aimed at studying the 
kinetics and morphologies of the phenomena in A710 steel and 
. . 
examining the influence of welding para~eters on 
susceptibility. Study of ~he latter ~ay provide fabrication 
methods which reduce susceptibility to SRC. 
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3 Experimental Procedure 
3.1 Materials: 
3.1.1 Lehigh Restraint Tests 
For this research project, A710 (grade A) steel plates 
with a thickness of 32mm (1.25 inch) were used. The plates 
had been solution treated at 904°c (1660°F), quenche.d in water 
and then aged at 62a0c (1.160°F) (more than 60 minq.tes). The 
compositions and mechanical:. properties are listed in Table 1. 
In this study, two heats of A710 materials were bsed. 
They are identified as plate I and plate II. As discussed 
later, the data from Plate I showed only limited cracking 
sensitivity ·and scattered behavior. It was observed that :a 
centerline segregation and delamination .condition existed in 
the test plate near the wel4 rapt in the test spec~men and may 
have had a significant influertce on the test behavior. 
Because of this, plate II material was obtained and used in 
addition to plate I. 
3.1.2 Stress :Rupture Implant Tests 
For this study, specimens were made from two heats of 
A710 (grade A) steel plate: plateII with a thickness of 32 mm· 
(1.25 in.) and plate III with a thickness· of 19 mm (0 .. 75in.). 
The microstructures of these plates are shown in Fig. 1. A 
limited n~mper of tests were performed on the 19 mm plate to 
confirm the results obtained from the 32 mm plate and provide 
~ comparison with testing conduct~d at the University of 
Tennessee of material from this heat. Specimens of an A517F 
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plate with a thickness of 25. 4 ·mm ( 1 inch) were also tested 
for comparison since it is known to be highly su~ceptible to 
SRC. The microstructure of the A517 plate is shown in Fig. 2. 
3.2 Lehigh Restraint Test 
The modified Lehigh Restraint specimen ~hewn in Fig. 3 
was used for restraint testing. Tests have indicated this to 
be a sensitive and reproducible. configuration while also being 
easier to fabricate than the st~ndard. specimen. 
A series of restraint cracking specimens of the subject 
steels were fabricated, welded and stress-relieved under 
various conditions. 
3.2.1 Weldment Preparation 
In this investigatiori, all welding was carried out with 
the flux-cored arc welding process (FCAW) ·using an AWS EllOT5-
K4 (A5.29-80) electrode -initially, and later an AWS E81Tl-Ni2 
(A5.29-80) electrode and 75% argon+ 25l CO2 shielding gas. 
No preheat was initially a,pplied to the specimens before 
welding. 
The higher strength E110· produces quite severe conditions 
during stress-relieving by forcing most of the relaxation ·to 
occur in the HAZ. 
For the plate I base material, the EllO electro.de was 
used in all the tests. Fo.r t.he plate II base material, 
frequent weld metal cracking was found after welding using the 
EllO electrode. Cracking was not as severe in plate I, 
perhaps due to relaxation of residual stress at the weld root 
by the center line delamination when welded with the EllO 
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electrode. The extensive cracking in plate II under all 
conditions made study of test variables difficult. To 
increase the sensitivity of th~ test to welding variables, a 
lower strength E81 electrode was Used instead of E110 for the 
specimens from plate II base material. The specimens were 
also preheated to 66°c ( 12 5°F) before welding to reinove surface 
moisture. The welding parameters used are summarized in table 
2. 
The test specimen, shown in Fig. 3 is a 150x230 nun (6x9 
inch) plate with a thickness of 32mm (1. 25 inch). The 
longitudinal direction is in the rolling direction. Two u-
grooves were machined on bqth side in the longitudinal 
direction and .a slot was cut in the center. The .slot acts. as 
a notch after welding and provides a st~ess concentration. 
Welds were deposited in the groove from the open end toward 
the .hole in the plate. 
3. 2 .·2 Post-weld Stress Relief Heat Tre.atment 
After welding, the test specimens were kept at room 
temperature for a minimum of 24 hours. If no cracks were 
observed after this time, the specimens were heat-treated for 
various times and temperatures. In all cases, the Specimens 
were loaded directly into a furnace already at the desired 
stress--re1ieving temperature to minimize the heat-up time. 
Heat up times were typically 30-45 minutes. 
Heat treatments were conducted over the temperature range 
of 427°c t6 677°c and holding times of 0.5hr. to 24hr.~ 
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3.2.3 Fracture Measurement and Examination 
After heat-treatment, the specimens were .checked for 
cracking by two methods. 
First, a ·cross sectional cut was made 25.4 mm (1 inch) 
away from the ho.le as shown in Fig. 3. Previous test~ (Ref. 
25) showed that this location should have the· most severe 
restraint. The cross sections were po·lished and observed 
metallographicallt. 
Measurements of the extent of cracking were made. on the 
transverse sections by measuring the height to whic~ the HAZ 
cracking had propagated up through the joint from the root, 
i.e. the height of the vertical projection of the crack. 
Measurements were made using an optical microscope with a 
calibrated eyepiece. 
Second, the remaining specimen was cooled in liquid 
nitrogen. Then- the balance of the weld was fractured under 
a bending load so that the fracture started at the rbot notch 
and progressed through the HAZ or weldment. Stress-relief 
cracking was indicated by an oxidized fracture surface as a 
result of the cracking having oxidized at elevated 
temperatures. 
The fracture area which was oxidized was measured, and the 
ratio of the oxi~ized fracture surface area to the full weld 
surface area was calcula_ted and used as a cracking parameter. 
3.2.4 Optical and Scanning Electron Microscopy 
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Since PWHT cracking is along the HAZ coarse . grain 
boundary, optical and scanning electron microscopy examination 
was focused on the HAZ coarse grain boundaries to try to 
identify precipitation there and document the crack 
morphology. The specimens were etched with 2% nital. SEM 
examina.t_ion .p.ermitted higher magnification observations of the 
grain boundary structure of polished specimens. 
3.2.5 Microhardness Measurements 
Hardness traverses were made to determine the HAZ 
microhardness of one and two pass welds. 
·J\noop hardness measurements were made using a Leco 400-1 
microhardness tester. A load of 200 g~am was applied with a 
2 0 seconds loading time for eac;:h testing point. Prior to 
hardness testing, all the specimens were polished and then 
etched with nital. 
3-3 stress Rupture Implant Test 
3.3.1 Introduction 
Interpretation of the restraint test results is hampered 
by the complexity of the cracking phenomena and the inability 
of the restraint test to s~parate relevant variables, e.g. 
stress, ·temperat~re and heat treatment time. 
Consequently, an alternative test method was develop~d . 
The method .. 1S similar to the implant test for hydrogen 
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a_ssisted cold cracking where a 6 mm diameter threaded bar is 
fabricated from the test material and placed 
prepared in a plate as shown in Figure 4. 
• 1n a hole 
Before welding, both the implant and base metal were 
thoroughly degreased with acetone. Multiple specimens were 
prepared simultaneously by placing threaded specimens i.n a row 
of holes in a line. A weld was deposited over the holes, 
joining the specimens to the plate. After welding, the slag 
and spatter were removed by :chipping and the test s·pecimen was 
cut to a size which would fit the grip in the testing machine. 
A sketch of this procedure is shown in Fig. 4b. 
After sectioning, the assembly is placed within a furnace 
and loaded to a desired stress on the rod cross section by 
dead weight loading. 
A dead weight loading creep testing machine was modified 
to perform as an impla.nt te$ting machine (Fig. 5) . The 
machine was equipped wit:p an. automatic timer actuated at the 
instant of load application and stopped by a microswitch on 
the loading gril 1 when the specimen failed. The time to 
failure is recorded as a. function of stress and specimen 
temperature. A thermocouple is attached to the specimen 
befqre the assembly and is ioaded into the furnace and 
monitored during the test. The load was applied to the 
specimen as described above and maintained until either 
rupture occurred or until 24 hours had elapsed. 
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3.3.2 Test Procedures 
For all the tests, the- applied -stress valu~s were 
calculated as follows: 
Applied stress=load/stre$S area. 
=load/ 3 . 14 *r2 
* (r is the nominal radius minus the thread depth) 
Two loading/heating sequences can be applied to the 
specimen, here termed Stress Relief Treatment and Isothermal 
Treatment. The initial series of tests were conducted by both 
methods to determine the differences in behavior. 
1) Stress Relief Procedure 
With this procedure, the specimen is loaded, and then 
heated to the desired PWHT temperature. Because heating to 
temperature under load more closely simulates actual·weldment 
. . . 
conditions during PWHT, this procedure is termed a stress 
relief procedure. 
2) Isothermal Procedure 
With this procedure, the specimen is ~eated to the desired 
PWHT temperature, at which time the load is applied. Since 
the load is applied isothermally, it is termed an isothe.rmal 
.procedure. 
3.3.3 Weldment Preparation 
Specimens were. fabricated from the same material as the 
restraint specimens and in the T-L orientation. The same 
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welding consumable .E81 (AWS E81Tl-Ni2, A5 .29-80) was used in 
this study. 
As before, all welding was carried out with the flux-
cored . arc welding process (FCAW) and 75% argon+25% CO2 .gas 
shield. No preheat was applied. The welding parameters are 
summarized in Table 3. 
3.3.4 Controlled Deposition 
s inc.e mul tipa~s welding • lS usually applied • 1n 
fabrication, the effect of subsequent weld passes on SRC was 
investigated using _ the Implant Stress Rupture test-. The 
purpose of this test .. ser~es was to determine whether 
subsequent heat treatment of the coarse grain HAZ, as occurs 
in mul tipass welds, influences SRC sensi ti vi ty. In this 
study, two weld passes were deposited over one another. The 
first weld pass was dep9sited with the same parameters 
de~cribed previously. The secohd pass was deposited on top.of 
the first weld pass using parameters such that the coarse 
grain HAZ now lies in the first _pass, thus refining the HAZ 
zone in the base plate. 
3.3.5 Heat Input 
In this study, tests were conducted to find the effect of 
heat input on susceptibility to SRG. Three heat inputs were 
examined (lKJ/mm, 2KJ/mm, 4I<J/mm). 
summarized in Table 4-. 
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The parameters are 
3.3.6 Partial Cracks 
Attempts were made to produce partially cracked 
specimens. This was accomplished by unloading test specimens 
before rupture occurred. The tests were conducted at 53s0c 
(1000°F) anq at a stress of 217.4 MPa (31.5 Ksi). At this 
temperature and stress, complete rupture occurs after 18 
minutes. In this experiment, the test was stopped after 16 
minutes before the specimen failed. The specimen was cross 
sectioned and polished as before. 
3.3.7 Fracture. Examination 
The: fracture surfac~s of ruptured specimens were used for 
fractographic examination. The surfaces were observed with 
the SEM at. magnification· as high as 2000X. The spe~imens 
which did not .fail after 24 hours ·were cross sectioned for 
further metallographic examination to detect any cracks 
present. 
" 
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4 Results and discussion 
4.1 Lehigh Restraint Tests 
4.1.1 Weld Metal Cracking 
During this study, frequent weld metal cracking was 
observed when using the EllOT5-K4 electrode, as shown in Fig. 
6. The crack started from the root notch and propagated. 
entirely within the weld metal. A higher magnification view 
of the crack is shown in Fig. 6b. It was suspected that the 
electrode contained e~cessive ~oisture and that the cracking 
coulq be due to hydrogen. Hydrogen analyses perf armed by 
University of Tennessee showed the electrode hydrogen levels 
to be low, 4.6-5.3 -ml/100 gram. Although it was low, it was 
still suspected that "the cracking may have been hydrogen 
related. 
A matching strength E81Tl-Ni2 electrode was then 
substituted to see if the problem could be ~liminated. Weld 
metal cracking still occurred even at the lower str~ngth 
level, although it was less frequent. 
In order to solve this problem, the . specimens were 
preheated ·at 66°c (15Q°F) befor~ weldirig. By usi~g this low 
preheat, the weld metal cracking was avoided without 
introducing a significant. preheat effect on micrpstructure. 
It appears that welding of low carbon, ~ydrogen crack 
resistant steels such as A710 may not require preheat to 
prevent hydrogen induced HAz· cracking, however, the j~int may 
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require some preheat to dry the plate surface to remove 
_hydrogen, to avoid hydrogen cracking in the weld metal. 
4.1.2 HAZ CraQk-ing 
A microsection showing reheat cracking in A710 steel is 
illustrated in Fig. 7. The crack tip is shown in Fig. 8 at 
high magnification. The crack initiated at the root notch in 
the restraint specimen and propagated intergranulaily along 
·the prior austenite grain boundaries within the coar·se grained 
heat-affected zone. A completely cracked HAZ is sbown in Fig. 
9a. 
In addition to cross sectioning the test specimens after 
heat· treatment, the .crack surfaces were ~xposed by fracturing 
at lo~ temperature. Because they were filled with oxide as a 
result of farming at elevated temperature, it is easy to 
distinguish the new broken fractu-re from the fracture from 
heat treatment, as shown in Fig. 9b. Further away from the 
root, there was less oxidation, presumably because the 
cracking was progressive. Such places apparently cracked 
later in the stress-relieving treat~ent and had not had a long 
time for oxidation. They may· also be less oxidized because of 
the difficulty of supplying oxygen to the base of the fine 
cracks. 
Complete cracks ( cracks which propagated to the weld 
surface) typically extended for nearly th~ entire length of 
the weld as shown in Fig. 9b. Partial cracks generally·were 
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tapered and propagated only at ·the high restraint end of the 
weld (approximately 50 mm from the hole). Sectioning at 25 nun 
(1 inch) from the hole iherefore provided a good indication of 
the severity of cracking. 
Botb crack height and the ratio of the fractured area to 
calculated total HAZ area were determined for the samples and 
are shown in Table 5. The test results are shown graphically 
in Fig. 10, and show a "Cit-curve behavior. 
4.1.3 Microhardness 
The results ·of microhardness tests across the HAZs of the 
welds in as-welded and PWHT conditions show that there is a 
hardness peak next to the fusion line in the coarse. grain 
zone. The peak hardnes·ses for various heat affected zones are. 
shown in Fig. 11. 
For the as-welded condition, the peak hardness is about 
400 HK. After heating up to 621°c, and air coolihg, the peak 
hardness is about 380 HK. The peak hardness is 375 HK and 
360 HK respectively after it is reheated for two and ten 
hours respectively. It is shown that the peak hardness 
declines as the PWHT time become longer. 
It also. seems that there is no precipitation 
strengthening 
Tra<;iitionally, 
in the 
it . lS 
. 
coarse grain 
~uggested 
zone 
that 
during PWHT . 
precipitation 
strengthening phenomena is one possible factor for the stress 
relief cracking phenomena. But the ·microhardness study here 
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does not show it is true for this material. 
4.1.4 Analysis of Re~traint Test Results 
It was found in this series of tests that, 
above 421°c ( soo°F} and for times greater than 
cracking will occur. Fig. 10 also shows that 
for PWHT 
2 hours, 
cracking 
commences at short heat treatment times. Thus cracking can 
occur at lower temperatur~s during he~t-up to hi_gher stress 
relieving temperatures. These data indicate that the A710 
steel has a very high PWHT cracking susceptibility. It appears 
that it is not possible to thermally stress-relieve A710 steel 
without cracking wh~n welded under conditions of high 
restraint. 
The tests al~o show that the stress-relief cracking is 
initiated at the. root notch and located in the coarse grain 
HAZ as shown in Fig. 7. The stress concentration in this area 
of poorest creep ductil·ity, the coarse grain heat-affected 
zone, forces the initial de{ormation to occur in this region. 
It is clear that heat-affected zone stress concentrators 
greatly increase the frequency and extent of cracking. Thus, 
proper weld-joint detail and fabrication practices which avoid 
stress raisers c&n :Oe very· significant in preventing cr~cking. 
In the 510°c (950°F) ~o 53s0c (1100°F) temperature range 
as shown in Fig. 10, the SRC is most severe. Above or below 
this range the weldment can possibly be heat treated for a 
period of time which should not cause serious SRC problem if 
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the restraint is not severe. 
However, heat treatments at low temperatures and short 
times, will not be effective in relieving residual stress, 
thus this solution can not be applied practically. In order 
to heat treat the specimen at higher temperatures and short 
times,_ the rate of heating would need to be very rapid through 
the critical range or else cracking· occurs· on heat up. This 
is also not a practically feasible selection to the cracking 
problem. 
4.2 stress Rupture Implant test 
4.2.1 Comparison between Stress Relief Test and Isothermal 
Test 
In the . previous section, two test procedures· were 
identified. They were termed as Stress Relief tests and 
Isothermal tests. 
Fig. 12 and Fig. 13 show the stress rupture curves 
obtained over a range of stress at 621°c (1150°F) using the two 
procedures. A tabulation of the data is given in table 6. At 
short times, the stress relief procedure data appear shifted 
to longer times than the isothermal tests by the approximate 
3-5 minutes heat-up time. Also, note that at higher streS$ for 
the stress relief data, the specimens failed before reaching 
the targeted temperature. At long heat treatment times the 
data for the two procedures become similar, as might be 
expected. 
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4. 2. 2 Effect of Stress Relief Temperature on the Stress· 
Rupture Behavior 
In this study, isothermal tests were conducted at two 
different temperature·: 538°c (looo°F) and 621°c (1150°F). The 
results ·are shown in ·Fig. 14. It shows that the stress 
rupture curve is shifted to higher equivalent strengths when 
lower heat treatment temperature was used. ·For example, at 
53a0c (lOoo°F), the lower critical stress is approximately 147 
MPa. At 621°c .(1150°F), it is about 71 MPa. 
At constant stress, the isothermal test results shown in 
Fig. 15 show that the crack susceptibility increases when heat 
treatment temperature goes up. A critical temperature for 
cracking also exists. For this test, the critical stress 
relief temperature is 566°c (1050°F) at the stress of 84.1 MPa. 
At this stress level SRC will not be avoided when a weldment 
is heat treated at or above 566°c (1050~F). 
4.2.3 Heat Input 
To investigate the effect of heat input on cracking., a 
series of isothermal tests were conducted at three different 
heat inputs (·1,.2,4 Kj/mm). HAZ microstructures at the three 
h~at inputs are shown in Fig. 16-18~ The grain size in the 
coarse-grain zone of the low heat input specimen is much 
smaller than that of higher heat input specimen, since the 
cooling rate is higher. 
From the HAZ microstructure of difterent heat input 
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conditions, one might expect that the rupture behavidr would 
be much different. Re~ults of stress rupture tests shown in 
Fig. 19 and Table 6 show that the.re is a little or no 
variation in the stre~s-rupture behavior. It is concluded 
that heat input has no effect on the stress-relief cracking 
sensitivity of A710 steel. 
4.2.4 Controlled Oepos.ition 
The isothermal test results· of single ·pass and controlled 
deposition welding are shown in Fig. 20 and Table 6. The 
threshold critic~! stress for the single weld pass and double 
pass welds are app·roximately 71 MPa and 122 MPa, respectively 
at 621 °c ( 1150°F) . The curve for the double welq pass test 
shifts to higher stresses and indicates less sensitivity to 
PWHT than that for the single pass weld. 
An explanation for this is that the heat from the second 
pass reheats the HAZ o·f first pass and refines the coarse 
grain zone as shown in ·Fig. 21. This structure is less 
sensitive to the SRC th~n the original coarse grained zone. 
The microhardness profile shown in Fig. 22 indicates that the 
peak HAZ hardness of the double pass· is less than that of the 
single pass.. .They are about 265 HK and 325 HK respectively. 
However, the relatior:iship between HAZ hardness and c·racking. 
susceptibility is not clear and may not be an important 
factor. 
From the above test results, it is concluded that the 
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controlled deposition welding can reduce sensitivity to the 
PWHT cracking. 
4.2.5 Isothermal Tests of A517F 
To co~pare the A7.10 test result to another steel which is 
known to be susceptible to SRC, a series of isothermal tests· 
were conducted at 621°c (1150°F) on specimens fabricated from 
A517 Grade F plate. Test results are showri in Fig. 23. The 
tests show that A517F steel is less sensitive to reheat 
cracking compared to A710 steel. The critical stress of A517F 
is higher than th~t of A710 steel (110.3 MPa compared to 69 
MPa). 
The fracture surface of an A517F specimen, as .shown in 
Fig. 24, is intergranular in nature. It is very smooth and 
the fracture occurs at one notch even at high sttess. From 
this latter behavior, it also seems that A517F is less 
sensitive to the PWHT than A710 steel, ~here cracking 
initiates at both the coarse and tefined grain zone at high 
stress. 
4.2.6 Fracture Examination 
Examina_tion of fracture surf aces from isothermal tests 
and stress relief tests show that the crack surfaces are 
intergranular in nature. For A710 specimens, in high st~ess 
failure the fracture surfaces have a stepped appearance, as 
shown in Fig. 25a,b. Apparently, cracks initiate at different 
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points along the helical notch. on the other hand-, at low 
stress, the fracture occurs in one plane and shows a smooth 
surface as shown in Fig. 25c,d. 
The specimen shown in Fig. 26 was tested at high stress 
(217.4 MPa) and shows three steps. Ona appears to be very 
coarse grained and cry$talline, one is finer grained, and one 
appears fibrous and represents the final overload fracture. 
Partial crack tests show that the crack not only 
initiates in the coarse grain zone, but also initiates . In 
other notches which ~re located in the refined grain zone, as 
shown in Fig. 27. During the PWHT, under bigh stress, the 
crack starts from the notch in a the coarse grain zone. A 
crack also initiates in the refined grain zone(in the second 
notch) as shown in Fig. 27. At lower stress, the stress may 
not be high enough to initiate a crack at the notch in refined 
•· grain zone. The grain boundaries there are likely less 
susceptible t6 cracking than the boundaries near the fusion 
line in the coarse grained zone. So, ·only one crack is 
initiated and propagates through all the cross section of one 
whole notch. The ·fracture is smooth and uniform. Only a 
small over-load area is shown. 
At high stress, the crack can ifiitiate both in the coarse 
grain zone- and refine grain zone. Then during PWHT, the 
cracks propagate until the crack becomes large and the 
specimen breaks. 
According to most of the technical literature, stress 
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reiief cracking only occurs in the coarse grain zone near the 
fusion line. This test indicates that the cracks can also 
initiate in the fine grained zone. This result may be 
peculiar to the implant test, however, since notches exist in 
all parts of the HAZ in this test. 
4.2.7 Comparison of the Two .Test Methods 
The advantages of the Stress Rupture .. Implant test: 
l}· One can contro·l the test stress level by controlling 
the load externally. The critical stress of SRC can be 
obtai_ned. 
2) The: specimen is easier to prepare than the Lel)igh 
Restraint test specimen. 
3} One can study the cracking propagation phenomena by 
stopping the test before the specimens fail to catch the 
partial crack. 
Disadvantages of stress rupture test: 
l} There is not a actual residual stress .field from 
welding. 
2} Stress field intensifies as cracking prqgresses~ 
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4.3 Discussion of cracking Mechanisms 
4.3.1 Mode of cracking: 
The fracture surface of several ruptured specimens were 
examined with the SEM for both the Lehigh Restraint Test and 
Stress Rupture Implant test to determine the fracture mode. 
The intergranular fractures, seen in the micrograph in Fig. 
2 6e, d were typical of the morphology seen on all test 
I 
specimens. 
The optical microstructure of the crack tip shown in Fig. 
8 also shows clearly that the stress relief crack I 1S 
intergranular in nature, and that the fracture is at low 
ductility with little or no plastic deformation. 
4.3.2 Grain Boundary Characteristics 
Sinqe stress relief cracking occurs at grain boundaries, 
one would e~pect the nature of the grain boundary itself to be 
of great importance in·dete~mining th~ extent of cracking. In 
the study of Boniszewski,T. at el (Ref. 26), it ~as found that 
the prior austenitic grain boundaries in low-~lloy steels 
contain one or mar~ of the following carbide types: M3C, M7C3 
or M23C6 • Films or elongated particles are more detrimental to 
ductility than dispersed particles. Emmer, et al. (Ref. 27.) 
stated that the elongat~d carbides reduce the boundary 
cohe~ive strength and provide an easy fracture path. 
During this research, no apparent carbides were found in 
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the prior austenitic grain boundary. Several Lehigh Restraint 
specimens in different conditions were -examined carefully 
under SEM as shown in Fig. 28, and no apparent carbides could 
be seen on the I grain boundary. There is no apparent 
difference observed between the as .... welded specimen (Fig. 28a) 
and the specimen which has been heat treated for 10 hours at 
621 °c (Fig. 28b) under the SEM. It is likely that the 
precipitates are extremsly fine and need to be seen under a 
TEM at high ~agnification. 
4.3.3 Discussion of the Activation Energy 
In M. ES-Souni et al 's work (Ref .. 42) on cu-bearing 
shieided metal arc C-Mn weld metal, a large amount of TEM work 
has been done. For high copper content, they suggested that 
coarse cu precipitates were formed in the as-welded state and 
subsequently coarsened more during the stress relief 
tr~atment. With regard to A710 steel, which has .high copper 
content, it was suspected that the substitutional diffusion of 
copper to grain boundaries was a possible reason for the 
stress-relief cracking. 
The results showed in Fig. 15 were used to estimate the 
activation energy for reheat treatment cracking in this steel. 
When the equations in Williams' paper (~ef. 28) were applied, 
the activation energy calculated for A710 is 57.2 Kcal/mol. 
It must be noted that since no crack growth rat·es were 
measured in this study and since activation energies were 
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calculated from relatively limited data, these value can be 
used only as an approximation of the thermal activation 
requirements. 
The activation energies calculated for stress-relief 
cracking of A710 steel are shown in table 7 along with a 
variety of d~ffusing species in Fe. it is seen that the 
calculated data is ne~r the activation energy of Cu ands in 
Fe. 
From the rough calculations, it seems that both the 
se-gregation of Cu anq S to the grain-boundary may be 
responsible for the PWHT crackin·g of A 710 s·teel. 
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5 conclusions 
1) Experiments using ·the Lehigh Restraint test show that 
the A710 steel is very sensitive to reheat cracking. The 
reheat c.racking is intergranular in n~ture. 
2) The stress Rupture implant test has proven to be very 
useful as an experimental test to study the reheat cracking 
susceptibility. The relative critical rupture stress for 
cracking can be determined using this test. 
3) At high stress levels with notqhed specimens, reheat 
cracking occur·s both in the coarse· grained zone and refined 
grain zone of A710 steel. 
4) Reheat cracking is shown to be progressive over tifue, 
starting at external notches. 
5) Welding heat input does not influenc~ SRC resistance 
for A710 steel. 
6) Properly controlled multiple-pass welding can 
tremendously improve SRC resistance. The SRC susceptible 
coarse grained zone can be refin~d by this procedure and is 
less sensitive to HAZ cracking. 
7) Compared to A517F material, which is considered 
hitjhly susceptible to s~c, the A710 steel is found to be even 
more sensitive to SRC. 
8) The segregaton of embri ttl ing species, such as cu an 
s, to grain boundaries may be responsible for the reheat 
cracking of A710 steel. 
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TABLE 1 
Composition and Properties of test steel 
A. Chemical.Composition 
C Mn p s Si Ni Cr Mo Cu Al Nb 
A710I (32mm) .05 .53 .008 .003 .24 .98 .72 .21 1.13 .027 .008 
A7lor·r (32mm) .05 .50 .009 . 002 .28 .. 88 .71 .20 1.12 .20 .035 
A7l0III(19mm) .05 .50 .01 .002 .35 1.00 .72 .23 1.17 .018 .032 
A517F (25. 4mm) .13 .70 .01 .018 .17 .82 .54 .54 .34 .01 
w B. Mechanical Properties 
00 
Yield Strength, Tensile Strength, Elongation Reduction 
Mpa (Ksi) Mpa (Ksi) g,. 0 of Area, % 
A710 I (32mm) 602 (87) 673 (98) 29.9 78.3 
A710 II(32mm) 580 (84) 640 (93) 24.0 74.3 
A710 III(19mm) 560 (81 620 (90) 26 
Table 2: Welding Parameters Used in This Study 
Plates Heat Input Voltage Current Travel speed Electrode Dia. 
(KJ/mm) (V) (A) (mm/min) mm 
I 2 30 250 229 E110 1.321 
II 2 30 250 229 E81 1.143 
Table 3: Stress Rutpure Implant Test W.elding Parameters 
Single deposition controlled deposition 
Heat Input {KJ/mm) 
Voltage ( V) 
Current (A) 
Travel speed (mm/min.) 
electrode 
Dia (mm) 
L97 
30 
250 
229 
E81Tf-Ni2 
1.143 
Table 4: Heat Input Study 
Heat Input (KJ/nim) 
Voltage (V) 
Current (A) 
Travel Speed .(mm/min.) 
* HI: Heat Input 
Low HI 
0.98 
30 
150 
274 
First pass Second Pass 
1.97 
30 
250 
229 
E81Ti-Ni2 
1.143 
2.52 
30 
290 
207 
E81Ti-NI2 
1.143 
Normal HI High HI 
39 
1.97 
30 
250 
229 
3.94 
30 
275 
127 
Preheat 
oc 
21 
65 
Table 5 
Result of stress Relief Cracking Tests with Lehigh Restraint Specimen on 
A710 Steel (Plate II) 
Post weld heat treatment Total crack height Fracture surface 
conditions area ratio* 
Temperature Duration Hr. mm % 
OC Op 
800 427 20 1.47 1.78 
950 510 0 b 0 
950 510 2 6 ·71. 3 
950 510 10 6 81.7 
950 510 20 6 84.5 
1150 621 0 1.43 2.9 
1150 621 2 0.65 1.26 
1150 621 1.0 1.72 26.5 
1150 621 15 6 77.6 
1150 621 20 6 72 
1250 677 20 6 81.5 
* The ratio . is: Fracture surface area/ welding area 
Table 6 
1 Stress Rupture Test of A710 Steel(plate II, 32mm) 
1) Isothermal test(constant temperature) 
Temperature tf Stress Heat input 
Op OC • Ksi MPa Kj/in Kj/mm min 
1000 538 18 31.5 217.4 50 2 
1000 538 396 21.27 146.8 50 2 
1000 538 1440* 18.12 125 50 2 
1000 538 1440* 15.75 108.7 50 2 
1150 621 0 63 434.7 50 2 
1150 621 4 31.5 217. 4 50 2 
1150 621 21 15.75 108.7 50 2 
1150 621 80 11.8 81.4 50 2 
1150 621 276 11.8 81.4 50 2 
1150 621 1440* 10.24 70.7 50 2 
1150 621 1440* 7. 9· 54.5 50 2 
1150 621 1 31.5 217.4 1·00 4 
1150 621 56 15.75 108.7 100 4 
1150' 621 1440* 11.8 81.4 100 4 
1150 621 0.33 31.5 217.4 25 1 
1150 621 93 15.75 108.7 25 1 
1150 621 1005 11.8 81.4 25 1 
2) Isothermal test (constant stress) 
Temperature tf Stress Heat Input 
Op OC . Ksi MPa Kj/in Kj/mm min. 
1200 649 108 11.8 81.4 50 2 
1150 621 276 11.8 81.4 50 2 
1150 621 80 11.8 81.4 50 2 
1100 593 216 11.8 81.4 50 2 
1100 593 1428 11.8 81.4 50 2 
1050 566 1440* 11.8 81.4 50 2 
1000 538 1440* 11.8 81.4 50 2 
900 482 1440* 11.8 81.4 .50 2 
. 
* No failure after 24 hours. 
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3) Stress Relief Test {Constant temperature) 
Temperature tf Stress Heat Input OF OC • Ksi MPa Kj/in Kj/nun min 
989** 528 21 63 434.7 50 2 
1079** 582 25 31.5 217.4 50 2 
115.0 621 30 15.75 108.7 50 2 
1150 621 45 15.75 108.7 50 2 
1150 621 30 14.18 97.8 50 2 
1150 621 1440* 12.6 86.9 50 2 
1150 621 1440* 7.88 54.4 50 2 
. 
* No failure after 24 hours . 
** The specimen was ruptured before getting to 621°c. 
4) Isothermal Test 
(Controlled deposition test at constant temperature) 
Temperature tf Stress Heat Input 
op oc . Ksi MPa Kj/in kj/mm min 
1150 621 6 47.27 326.2 50/64 2/2.5 
1150 621 123 31.5 217.4 50/64 2/2 .. 5 
1150 621 369 23.6 162.8 50/64 2/2.5 
1150 621 1194 19.7 135.9 50/64 2/2.5 
1150 621 1440* 17.73 122.3 50/64 2/2.5 
1150 621 1440* 15.75 108.7 50/64 2/2.5 
. 
* No failure after 24 hours. 
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2 Stress Rupture Test of A517F steel from 
Lehigh uninversity (19 ~) 
Temperature tf Stress 
OF OC • Ksi MPa min 
1150 621 10 31.5 217.4 
1150 621 48 23.63 163 
1150 621 120 19.7 135.9 
1150 621 780 17.73 122.3 
1150 621 1440* 15.75 108.7 
. 
* No failure after 24 hours . 
3 Isothermal Test (A710 III, 25.4 mm) 
Temperature tf stress 
OF OC . Ksi MPa min 
1150 621 5 31.5 217.4 
1150 621 33 23.63 163 .. 
1150 621 300 15.75 108.7 
1150 621 1440 11.8 81.4 
. 
* No failure after 24 hours. 
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Heat Input 
Kj/in Kj/mm 
50 2 
50 2 
50 2 
50 2 
50 2 
Heat Input 
Kj/in Kj/mm 
50 2 
50 2 
50 2 
50 2 
Table 7 -- Comparison of Calculated Activation 
Energies with Diffusion Data 
process 
SRC OF A710 steel. 
SRC of HY-80 
, 
SRC of HSLA-100 
LDIGF of 
2.25-1 Mo steel 
(0.006 S, 0.031P) 
LDIGF of 
2.25-1 Mo steel 
(0.014 S, O.OlOP) 
Grain-Boundary 
Diffusion 
Fe in pure Fe 
Fe in Fe+lOO ppm P 
Bulk Diffusion 
• C 1n Fe 
. P 1n Fe 
. P 1n Fe-0.lP 
p . 1n Fe-0.29Mo-0.1P 
p in Fe-1.03Ni-0.1P 
s . 1n Fe 
• sin Fe 
. Cr 1n Fe 
. Fe 1n Fe 
Ni in Fe 
. Cu 1n Fe 
Nb in Fe 
• Mo 1n Fe 
Activation 
energy 
(Kcal/mol) 
57.2 
-78 
-91 
83 
63 
22.0 
34-46 
29.3 
72-86 
68.8 
104 
80.3 
48.9 
55.3 
57.5 
68-72 
58.7 
62.5 
60.0 
73.0 
Temperature 
Range 
C 
566-621 
593-625 
575-625 
550--650 
500-650 
550-810 
550-81030 
Reference 
29 
29 
30 
30 
31 
31 
616-844 32 
527-727 33 
Ferromag(a) 34 
. Ferromag (a) 34 
Ferromag(a) 34 
750-900 35 
700-900 36 
775-875 37 
640-810 31 
600-680 38 
700-759 .39 
750-890 40 
750-875 41 
(a) Temperature range not specified. 
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Fig. 1 Optical microstructures of A710 base metal 
(a) 19mm plate (b) 32mm plate 
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Fig. 2 Optical microstructures of A517F base metal 
(25.4mm thickness) 
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INTENTIONAL SECOND EXPOSURE 
Fig. 2 Optical rnicrostructures of A517F base metal 
( 25.4mm thickness ) 
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(a) Over view of the test machine 
Fig. 5 Modified Implant test machine 
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(a) Complete welding HAZ crack 
B 
Partial crack 
Complete crack 
(b) The exposed fracture surface of Lehigh 
Restraint test specimen 
Fig. 9 Reheat crack in Lehigh Restraint test specimen 
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Partial crack 
Complete c rack 
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' ' . Complete welding HAZ crack 
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(b) The exposed fracture surface of Lehigh 
Restraint test specimen 
Fig. 9 Reheat crack in Lehigh Restraint test specimen 
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Fig. 17 Optical microstructure of HAZ. 
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Fig. 18 Optical microstructure of HAZ. 
Heat input of 4 Kj/mm. 
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21 Effect of double pass weld on 
microstructure 
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Fig. 22 Knoop microhardness traverse on the 
weld cross sect on of A 71 O steel 
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Fig. 23 Comparison between Stress Rupture Behavior of A710 and A517F steel 
Fig. 24 
(a) 
Fracture surface of A517F from SEM 
Stress: 217.4MPa 
Temperature: 621°c 
Time to failure: lOmin. 
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10001-1" 
( a ) 
Fig . 24 Fracture surface of A517F from SEM 
Stress: 217. 4MPa 
Temperature: 621°c 
Time to fail u re: l Om in. 
6 8 
·,c. ' 
(b) 
(c) 
Fig. 24 Continued 
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( b) 
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Fig. 24 Continued 
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Fig. 25 Fracture surfaces of implant tests at 621°c (7X) 
(a) Stress: 434.7MPa 
tf: 0 
(c) Stress: 108.7MPa 
tf: 21 min. 
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(b) Stress: 217.4MPa 
tf: 4 min. 
(d) Stress: 81.4MPa 
tf: 80 min. 
Fig. 25 Fracture surfaces of implant tests at 621°c (7X) 
(a) Stress: 434.7MPa 
tf: 0 
( c ) Stress: 108.7MPa 
tf: 21 min. 
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(b) Stress: 217.4MPa 
tf: 4 min. 
(d) Stress: 81.4MPa 
tf: 80 min. 
(a) the whole fracture area 
(b) the over load area 
Fig. 26 Fracture surface of stress releief implant 
test from SEM 
Stress: 217.4MPa 
Time to failure: 25min. 
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Fig. 26 
(a) the whole fracture area 
( b) the over load area 
Fracture surface of stress releief implant 
test from SEM 
Stress: 21 7. 4MPa 
Time to failure: 25min. 
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(c) up layer 
(d) lower layer 
Fig. 26 Continued 
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(c) up layer 
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Fig. 26 Continued 
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Fig. 27 Partial crack of implant 
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Fig. 28 SEM micrograph of HAZ microstructure. 
(Lehigh Restraint Spicimen) 
(a) As welded 
(b) Temperature of heat treatment: 621C 
Time of heat treatment: 10 hours. 
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Fig. 28 SEM micrograph of HAZ microstructure. 
(Lehigh Restraint Spicimen) 
(a) As welded 
(b) Temperature of heat treatment: 621C 
Time of heat treatment: 10 hours. 
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